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INTRODUCTION 


t 


This  report  is  divided  into  four  chapters 
Chapter  I«  deals  with  some  experiments  on  the  Absorption  of  hydrogen 
atoms  by  palladium,  and  palladium-gold  alloys.  This  work  was  carried 
out  in  connection  with  soma  earlier  work  on  the  catalytic  effect  of 
these  metals  and  alloys  on  the  recombination  of  hydrogen  atoms. 

Chapterll.  deals  with  sooe  experiments  on  the  attack  of  a  number  of 
metals  by  molecular  and  atomic  oxygen  to  discover  in  which  cases  there 
were  considerable  differences  in  rate. 

Chapter  III,  deals  with  some  experiments  on  the  recombination  of 
oxygen  atoms  on  the  surface  of  the  alkali  metal  tungsten  bronzes. 

Chapter  IV,  describes  a  pressure  gauge  which  has  been  devised  for  the 
rapid  and  convenient  measurement  of  pressures  in  mixtures  containing 
chlorine  at  pressures  of  the  or  er  of  1  mm.  the  accuracy  being  about 
♦  0.01  mm.  The  experiments  on  the  rt combination  of  chlorine  atom* 
have  not  yet  reached  a  stage  at  which  a  report  is  worth-while. 

In  addition,  during  the  period  of  this  grant,  work  vres  carried  out 
on  the  reactions  of  atoms  at  metal  surfaces .  In  theae  experiment# 
oxygen  ate-s  effused  through  a  small  holt  opposite  which  was  a  small 
disc  coated  with  silver,  copper,  chromium  etc.  A  complete  report  of 
thia  ~ork  was  given  in  the  report  submitted  in  December  1963  (pages  1-14 
of  that  report).  Consequently  r.o  further  description  of  that  work  i* 


included  here. 


CHAPTER  1 


Absorption  of  Hydro  gen  Atoms  by  Palladium  and  Palladium  Gold  Alloys* 
Introduction,  by  D,  M,  Hirst  and  J,  Linnett, 

Some  time  ago  we  made  some  measurement a  on  the  recombination  of 

hydrogen  atoms  at  the  surface  of  palladium,  gold  end  palladium -gold 

alloys.  This  work  is  about  to  be  published  in  a  paper  entitled 

"The  Recombination  of  Atoms  on  Pd-Au  Alloys"  by  P.  G.  Dickens, 

J.  V«  Linnett  and  1.  Palczewska  in  the  Journal  of  Catalysis  (The  work  was 

supported  by  the  Office  of  Aerospace  Research  of  the  U.S.  Air  Poroe: 

Grant:  AF  SOAR  62-6) .  It  was  found  that  palladium  was  more  active  than 

gold  in  catalysing  the  recombination,  that  small  percentages  of  gold 

in  the  palladium  did  not  reduce  the  initial  activity  but  that  larger 

amounts  did.  However,  another  interesting  result  was  that  the  activity 

of  palladium,  and  the  palladium  rich  alloys,  decreased  with  time  as 

the  foil  was  exposed  to  atomic  hydrogen.  It  was  concluded  that  the 

presence  of  vacancies  in  the  laetallic  d-band  enhanced  the  catalytic 

activity  of  the  materials,  but  that  these  vacancies  could  be  filled 

either  by  alloying  gold  with  the  palladium,  or  when  atomic  hydrogen 

was  absorbed  by  the  metal  or  alloy.  That  is,  when  atomic  hydrogen  was 

absorbed,  its  electron  was  contributed  to  the  completion  of  the  d-band 

with  a  consequent  fall  off  in  the  activity.  This  hypothesis  demands  that 

palladium  and  its  alloy#  should  absorb  hydrogen  when  exposed  to  hydrogen 

containing  atomic  hydrogen  under  the  conditions  in  which  the  catalytic 

„2 

experiments  were  carried  out  (i.e.  hydrogen  pressure  about  10  mm.; 
percentage  of  atoms  about  105#;  room  temperature) .  This  was  the  region 
why  these  experiments  were  carried  out.  Samples  of  the  metals  and  alloys 


were  suspe;.!,  '  ‘‘torn  a  micro-balance  and  then  exposed  to  hydrogen 
containing  atoms.  The  increase  in  weight  vd.th  time  (if  any)  was 
followed. 

Brief  Survey  of  Related  Work. 

Palladium  is  known  to  absorb  large  quantitiies  of  hydrogen.  If  it 
is  exposed  to  hydrogen  at  about  2  atmospheres  pressure  it  will  take 
up  about  0.6  gm.  atoms  of  hydrogen  for  every  gram  atom  of  palladium. 

The  hydrogen  diffuses  as  atoms  into  the  palladium  lattice.  The  initial 
solution  produces  what  is  known  as  the d -phase.  This  is  accompanied 
by  a  gradual  expansion  of  the  face-centred  cubic  palladium  lattice 
spacing  from  about  3*883  to  3*894  A  at  a  concentration  of  about  0.2  gm. 
atoms  of  H  per  gm.  atom  of  palladium.  At  this  concentration  the 
lattice  suddenly  expands  to  A.0l8  A  with  the  formation  of  the 
; -phase  which  is  also  face  centred  cubic.  The  lattice  spacing  remains 
constant  for  concentrations  between  0.2  and  0.7  or  0.8  gm.  atoms  of 
hydrogen  *«r  gm.  atom  of  palladium  but  at  higher  concentrations  it  increases 
again.  Concentrations  higher  than  0.9  gm.  atoms  of  H  per  gm  atom  of 
palladium  do  not  seen  to  have  b -en  attained.  The  3  -phese  can  be  super¬ 
saturated  with  hydrogen  by  electrolytic  charging,  the  excess  hydrogen 
being  lost  when  the  charging  process  ceases. 

The  magnetic  susceptibility  of  palladium  decreases  linearly  with 
the  hyirogen  concentration  becoming  tero  when  there  are  about  0.66  gm. 
ntoos  of  H  per  go.  atom  of  palladium.  Palladium  atoms  have  10  electrons 
beyond  the  closed  core  consisting  of  the  is,  2s,  2p,  3»*  3p>  3d,  4s  and 
4p  orbitals.  The  4 d  and  5*  atomic  orbitrls  produce,  in  the  metal,  a 
broad  s-band  and  a  narrow  d-band  which  can  accomodate  2  and  10  electrons 


respectively.  The  electrons  occupy  levels  in  the  two  bands  up  to  the 
same  energy  level.  There  are,  per  atom,  9*4  electrons  in  the  d-band 
and  0.6  in  the  s-band.  Thus  there  are  about  0.6  holes  in  the  narrow 
d-band.  The  electrons  of  the  absorbed  hydrogen  atoms  are  presumed  to 
enter  these  holes  in  the  d-band.  Norberg  (Phys.  Rev.,  1952,  86,  745) 
showed,  using  nuclear  magnetic  resonance  spectroscopy,  that  the  hydrogen 
is  present  in  the  lattice  in  the  form  of  protons.  The  magnetic 
susceptibility  drops  to  zero  when  the  holes  in  the  d-band  are  filled. 

The  kinetics  of  the  absorption  of  hydrogen  by  palladium  from 
ordinary  hydrogen  gas  has  been  investigated  by  Holt  (Proc.  Roy.  Soc., 

1914,  904,  226),  Tammann  and  Schneider  (Z.  anorg.  Chem.  19^»  172,  43)# 
Smith  and  Derge  (J.A.C.S.,  1934,  56,  2313)  and  Kruase  and  Kohlenberg 
(Trans.  Electrochem.  Soc.,  1935,  68,  449).  Most  of  the  experiments 
showed  that  there  was  a  linear  rate  of  uptake  initially  which  was  followed 
by  a  foiling  off  in  the  rate  as  the  amount  absorbed  approached  a 
limiting  value.  The  rate,  and  the  amount  taken  up  were  very  dependent 
on  the  previous  treatment. 

Palladium  and  gold  produce  a  continuous  series  of  solid  solutions. 

The  structure  is  face-centred  cubic  and  the; e  is  no  evidence  of  a 
super-lattice.  The  spacing  varies  almost  exactly  in  a  linear  manner 
with  concentration.  Vogt  (Ann  Physik,  1932,  14,  l)  found  that  the  magnetic 
susceptibility  decreases  as  the  proportion  of  gold  increases  becoming 
tero  at  about  55  atomic  per  cent  of  gold. 

Couper  end  ELey  (Disc.  Parady  Soc.,  1950,  8,  172)  studied  the 
ortho-para  hydrogen  oonversion  on  pt lladium-gold  alloys  and  obtained 
results  similar  in  form  to  those  of  Dickens,  Linnett  and  Palcsewska 
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for  the  r. combination  of  hydrogen  atoms.  Couper  and  Bley  also  observed 
that  hydrogen  exerted  a  poisoning  effect  on  the  reaction  they  studied. 

Schneiderman  (itan.  Physik.,  1 932,  7^1 )  investigated  the 

solubility  of  hydrogen  in  palladium-gold  alloys.  The  alloys  were 
charged  electrolytically.  He  showed  that  the  solubility  decreased  as 
the  gold  content  increased. 

Experimental  Method. 

The  sample  of  rr.etal  or  alloy  weighing  about  £  gm.  was  suspended 

in  a  vertical  tube  of  about  if  cd.  in  diameter  from  one  arm  of  a 

-6 

micro-balance  capable  of  measurl  g  a  change  in  weight  of  10  gms. 

The  vertical  tube  was  joined  at  its  lower  end  to  a  horisontal  tube 
along  which  hydrogen  at  ^  mm  pressure  was  flowing.  This  hydrogen 
had  been  passed  t  rough  tui  electric  discharge  and  so  contained  atoms. 

These  diifused  up  the  vertical  tube  to  the  sample.  By  this  means 
therefore  a  steady  condition  could  be  maintained  indefinitely.  That 
is  the  flow  rate,  pressure  and  proportion  of  atoms  at  the  lower  end  of 
the  tube  containing  the  srjnple  was  constant  for  as  long  as  was  needed 
for  the  experiment.  Moreover  the  apparatus  could  be  left  operating 
unattended. 

Ia  order  that  there  should  be  no  contamination  by  electrode  materials, 
an  electr ^dexess  discharge  was  used.  This  w=a  maintained  by  13?  Uc/i 
radiation  f—  -  an  R.C.A.  radio  frequency  oscillator  (type  ET-4336-®)»  * 
helix  of  Sv^v..  i"  copper  tubing  being  wrapped  round  the  tube  through  which 
the  hydrogen  was  flowing.  In  the  discharge  region  there  will  be 
present  ions,  electrons,  mtoms  and  molecules  some  of  which  will  be  in 
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excited  states*  The  charged  species  will  decay  rapidly  and  will  not 
reach  the  test  region.  Because  the  first  excited  state  of  hydrogen 
atom  is  more  than  10  eV  above  the  ground  state  and  the  first  excited 
state  of  the  hydrogen  molecules  is  purely  repulsive,  it  is  ertk'emely 
likely  that  the  gas  in  the  test  region  will  consist  of  a  mixture  of 
ato&s  and  molecules  in  their  ground  states. 

The  hydrogen  was  prepared  by  the  electrolysis  of  a  solution 
of  sod i hydroxide  saturated  with  barium  hydroxide  to  prevent  the 
evolution  of  any  carbon  dioxide.  A  current  of  5  anps  from  the  100  volt 
D.C.  supply  was  used  and  the  cell  w  a  water-cooled.  -Any  oxygen  was 
removed  from  the  hydrogen  by  passing  through  a  tube  containing  pall edited 
asbestos  at  400°C.  The  ges  could  be  dried  by  passing  through  a  trap 
cooled  in  liquid  oxygen  and  then  through  e  column  of  phosphorua  pentoxide 
If  the  gas  was  needed  moist  it  was  passed  through  a  humidifier  containing 
water  at  a  controlled  temperat»’.re .  The  flow  of  the  hydrogen  was 
measured  by  determining  the  pressure  drop  across  a  tube  containing  a 
plug  of  sintered  glass  wool.  The  flow  of  gas  from  the  high  pressure 
(atmospheric)  region  into  the  low  p;cssure  part  was  controlled  by  an 
Edwards  fine  control  needle  valve  LBIA.  The  flow  meter,  saturator 
and  needle  valve  were  immersed  in  a  »atcr  bath  maintained  at  23^C  by  a 
Tec  am  Tern  pun  it . 

The  pumping  system  consisted  of  a  large  high  speed  ningle  stage 
mercury  pump  backed  by  a  smaller  two  stage  mercury  pump.  These  were 
backed  by  an  Edwards  "Speedivac"  IS  150  rotary  oil  pump.  The  pumping 
line  was  made  of  k  cm.  diameter  tubing  and  contained  two  large  volumes 
to  act  as  flew  stabilisers.  A  block  diagram  of  the  apparatus  is  shown 
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in  Pigure  1.1 . 

The  balance  used  was  a  Sartorius  vacuum  Electrono-microbalance. 

It  could  operate  on  seven  ranges  of  sensitivity  'f  1,  2,  5*  10,  20,  50 
and  100  ug  per  scale  division.  The  results  could  also  be  recorded 
on  a  Leeds  and  Northrup  "Speedomax  H  SM  recorder.  The  micro-balance 
was  mounted  on  a  bracket  of  i"  s^eel  mec suring  18"  by  6"  which  was 
fixed  into  the  wall,  6"  being  in  the  wall.  A  piece  of  slate,  supported 
on  two  strips  of'  lead  was  placed  on  the  bracket.  A  sheet  of  fairly 
hard  rubber  thick  was  stuck  onto  the  slate  and  the  micro-balance 
placed  on  top  of'  this.  The  sample  was  supported  by  a  silica  hook  which 
was  att  ched  to  a  silica  suspension  fibre  which  was  in  turn  hung  from 
the  steel  suspension  wire  on  one  am  of  the  balance.  A  counterweight  of 
approximately  the  same  weight  as  the  sample  was  hung  from  the  other 
arm. 

The  sample  was  situated  in  a  vertical  tube  which  was  4  cm.  in 
diameter.  This  tube  was  of  silica  and  the  vertical  section  was  45  cm. 
long.  It  was  connected  to  the  microbalance  through  a  flange.  This 
vertical  tube  was  made  into  a  furnace  so  that  the  sample  could  be 
heated  up  to  800°C.  The  temperature  w<-s  measured  with  a  platinun^ 
platinum-rhodium  thermocouple.  Additional  thermocouples  were  contained 
in  the  tube  to  measure  the  temperature  gradient  in  the  region  of  the 
sample. 

The  gas  pressure  wus  measured  with  a  McLeod  gauge  with  a  compression 
ratio  of  1000:1.  The  atom  concentration  in  the  neighbourhood  of  the 
sample  could  be  measured  with  a  Wrede-Harteck  g'uge  fused  into  the  wall 
of  the  silica  tube.  The  pressures  inside  and  outside  the  gauge  were 
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measured  with  micro-Pirani  pressure  gauges  which  we  constructed. 
Experimental  Results. 

Samples  of  foil,  2/lOOOn  thick,  containing  0,  12,  31,  45,  72  and 
100  atomic  per  cent  of  gold  were  used.  The  alloys  were  kindly  loaned 
by  the  Mond  Nickel  Company. 

After  a  number  of  rather  unsatisfactory  experiments  with  dry  gas  it 
was  decided  to  use  wet  gas.  This  increases  very  greatly  the  production 
of  hydrogen  atoms.  If  any  oxygen  atoms  are  formed  they  will  be  converted 
rapidly  to  OH  and  H  by  the  r. action 
0  ♦  H2  -  H  ♦  OH 

and  any  hydroxyl  radicals  to  hydrogen  atoms  by 
OH  ♦  H20  ♦  H. 

Consequently  at  the  test  sample,  the  material  will  be  exposed  to  hydrogen 
molecules  and  atoms  together  with  a  small  proportion  of  water  molecules. 
Experiments  were  carried  out  on  pure  gold  with  dry  gas  but  on  all  the 
other  samples  with  wet  gas.  The  samples  weighed  about  £  gm.  and  measured 
2$  or  3  cms.  by  2j  or  3  cms. 

Figure  1.2  shows  the  results  for  palif^iun,  the  increase  in  weight 
being  plotted  agains+  tine.  In  this  case  the  measurements  of  atom 
concentration  were  unreliable  but  in  the  2nd  and  5th  runs  the  calculated 
percentages  were  67  a^d  5>  respectively.  Table  1  gives  the  details  of 
the  experinent  together  with  the  limiting  up-take  of  hyirogen  measured  in 
parts  per  million  (b>  weight).  The  results  for  the  palladium-gold  alloys 
are  shown  in  Figures  I.  3 »  **-,  5,  6  end  7  and  similar  details  are 
included  in  Table  I  .  The  results  for  gold  are  shown  in  Figure  I  ?  . 

Table  II  lists  the  limiting  amounts  ol'  hydrogen  aken  up  by  the 


different  metals  and  alloys  expressed  as  go.  atoms  of  hydrogen  (x)  per 


mole  of  alloy,  Pd^Au^  ^y  These  are  plotted  against  the  atomic  percent¬ 
ages  of  gold  (i.e.  100(l  -  y)$)  in  the  alloy  in  Figure  1.8. 

Ifhen  the  discharge  was  switched  off  at  the  end  of  a  hydrogen-absorption 
experiment,  there  was  usually  a  steady  decrease  in  weigh t.  The  hydrogen 
starts  to  desorb  as  soon  as  the  source  0 f  atoms  is  removed.  Figure  1.9 
shows  the  loss  in  weight  against  time  for  three  experiments  with  palladium. 
With  the  alloys  the  desorption  took  place  in  a  similar  way  but  the  rates  of 
desorption  were  rather  variable  from  experiment  to  experiment  (initial 
rates  of  loss  were  40  to  1*50  gms»  per  hour). 

Under  these  conditions  only  a  part  of  the  hydrogen  was  lost. 

However,  if  the  sample  was  heated,  the  re3t  of  the  aydrogen  could  be 
driven  off.  When  the  palladium  sample  was  heated  up;  the  loss  started 
at  about  90°  or  100°C  and  took  about  a  quarter  or  half  an  hour.  With 
the  samples  containing  8 8$  and  69$  of  palladium  the  results  were 
essentially  similar,  but  with  the  sample  containing  55$  palladium, 
though  the  loss  commenced  at  90  it  took  place  rather  more  3lowly. 
Discussion. 


The  most  striking  feature  of  these  experiments  is  the  enormous 
absorption  of  hydrogen  which  occurs  when  palladium  and  pailauium-gold 
alloys  containing  more  than  40  atomic  per  cent  of  palladium  are  exposed  to 
partially  dissociated  hydrogen  at  pressures  of  the  order  of  0.1  mm.  Hg. 

The  absorption  from  molecular  hydrogen  is  negligable  at  such  pressures. 

Because  the  results  are  variable  it  is  not  possible  to  reach  any 
very  definite  conclusions  regarding  the  rate  of  uptcJce  of  hydrogen  by  the 
different  samples.  However  there  are  two  rather  general  comments  that  can 


be  made.  W.  Jost  (Diffusion  in  solids,  liquids  and  gases.  Academic 

Press  Inc.,  New  York,  1952)  has  shown  that  if  the  uptake  is  diffusion 

c  ■ 

controlled  then  it  is  to  be  expected  that  the  function  lo*A~  —— — 

10  °i  - 

should  vary  linearly  with  the  time,  where  c^  and  c^,  are  the  initial  and 
final  concentrations  of  absorbed  material  and  c  is  the  average  concentration 


at  time  t.  It  was  found  that  this  is  true  for  the  initial  un-take  of  the 


hydiogen.  This  is  shown  for  two  experiments  with  the  palladium-gold 
alloy  containing  88$  palladium  in  Figure  1 .10.  Here  it  is  seen  that  the 
points  lie  on  a  straight  line  tor  about  the  first  five  hours.  Similar 
results  were  obtained  for  other  alleys.  However,  for  the  later  stages, 
this  relation  did  not  hold.  It  wa3  found  that  the  results  were  then 


treated  best  in  terms  oi  diffusion  through  a  film  of  increasing  thickness 
(analogous  to  the  treatment  of  the  formation  of  oxides  when  a  coherent 
film  is  formed).  Under  these  conditions  the  square  of  the  weight  increase 
is  a  linear  function  of  the  time.  That  this  holds,  at  any  rate  approximately, 
for  two  experiments  with  the  same  alloy  is  shown  in  Figure  1.11. 

If  this  is  a  correct  interpretation  of  the  data,  then  one  reeches  the 
conclusion  that  the  up-take  of  atomic  hydrogen  must  be  regarded  in  the 
following  way.  To  begin  wiih  the  hydrogen  is  taken  up  ~nd  diffused  into 
the  metal  or  alloy,  the  part  containing  the  hydrogen  being  a  uniform 
phase  together  with  the  metal.  Thus  the  up-take  is  controlled  by  a  simple 
diffusion  process.  However,  as  more  is  taken  up,  th  outside  1  ayer 
which  now  contains  a  lot  of  hydrogen  becomes  a  new  phase  and  the  build  up 
of  this  phase  from  the  inner  part  of  the  sample  is  controlled  by  diffusion 
of  hydrogen  stows  through  this  layer  which  becomes  thicker  and  thicker 
with  time,  the  thickness  being  proportional  approximately  to  the  weight 
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increase.  This  may  be  related  to  the  phase  changes  in  the  solid,  though 
if  these  were  to  be  identified  simply  as  the  *v.  and  0  phases  one  would 
have  expected  the  change-over  iron  simple  diffusional  behaviour  to  occur 
at  a  lower  hydrogen  content. 

It  was  shown  that  when  an  alloy  was  saturated  with  hyt  rogen  atoms 

and  the  source  cf  hydrogen  atoms  then  switched_off  some  hydrogen  was 

c  -  cf 

lost.  It  is  shown  in  Figure  1.12  that  if  log  — — . .  is  plotted  against 

°i  “  Cf 

time  for  some  results  for  an  alloy  containing  69$  palladium  a  straight 
line  is  obtained.  This  shows  that  the  process  is  a  diffusional  one.  It 
is  difficult  to  see  how  this  is  to  be  linked  with  the  results  for  the 
up-take  of  atomic  hydrogen  though  one  must  bear  in  mind  th£ t,  in  the 
desorption  experiment,  molecular  hydrogen  is  being  lost  from  the  surface. 

The  results  in  Figure  8  show  that  the  total  amount  of  hydrogen 
absorbed  decreases  as  gold  is  added.  It  cen  be  concluded  that  when 
hydrogen  is  absorbed  the  electrons  enter  the  d-band.  Also  when  gold  is 
added  the  additional  electron,  beyond  the  closed  shells,  enters  the  d-band  - 
consequently  as  gold  is  added  the  number  of  vacancies  in  the  d-band  decreases 
and  consequently  the  ability  to  absorb  hydrogen  atoms  decreases. 

It  appears  from  Figure  8  that  when  5tf*  atomic  per  cent  of  gold  has  been 
added  the  d-band  is  full  and  no  more  hydrogen  can  be  absorbed.  This 
agrees  fairly  well  with  the  results  quoted  in  the  Introduction,  namely  that, 
in  palladium  there  are  0.6  holes  per  atom  in  the  d-band. 

These  results  fall  into  line  with  those  obtained  by  Dickens,  Linnett 
and  Palczewska  on  the  poisoning  effect  of  both  gold  and  atomic  hydrogen 
on  the  activity  of  palladium  as  a  catalyst  for  the  recombination  of 
hyerogen  atoms.  It  seems  that  high  activity  is  to  be  associated  with 
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vacancies  in  the  d-band  as  has  been  proposed.  However  the  alloy 
containing  72  atomic  per  cent  of  gold  does  show  an  activity  markedly 
greater  than  that  of  gold  which  would  not  be  expected  on  the  simple 
arguments  given  above.  It  may  be  that  the  electronic  conditions  at  the 
surface  are  rather  difficult  from  those  in  the  bulk  and  that  there  are 
d-shell  vacancies  for  the  surface  atoms  when  there  are  essentially  no 
d-band  vacancies.  Nevertheless,  broadly  speaking,  the  present  results 
confirm  the  interpretation  of  the  earlier  catalytic  results. 


Block  diagram  of  apparatus 
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The  Oxidation  of  Metals  by  Atomic 


on  and  J,  W.  Linnett 


The  present  work  ooncerns  a  study  of  the  oxidation  of  netals  by 
oxygen  atoms  and  molecules.  An  R.F.  discharge  has  been  used  for  producing 
the  atoms  and  the  uptake  of  oxygen  by  the  netals  has  been  determined 
graviaetrically.  The  main  object  has  been  to  determine  for  which  metals 
the  rate  and  extent  of  reaction  with  oxygen  atoms  differed  markedly  from 
that  with  molecular  oxygen.  In  view  of  the  small  amount  of  previous  work 
on  the  subject  the  emphasis  has  been  on  conducting  a  survey  of  a  wide  variety 
of  metals,  in  the  hope  of  detecting  some  pattern  of  behaviour. 

The  oxidation  of  metals  has  been,  for  many  years  of  great  interest 
to  the  chemist,  both  for  its  obvious  practical  importance  and  because  it 
has  been  a  fruitful  field  for  testing  many  ideas  based  on  solid  state 
theory.  However,  though  the  effect  on  oxidation  rate  due  to  variation  of 
either  the  temperature  of  the  system  or  the  composition  of  both  metallic 
and  gaseous  phases,  has  often  been  studied  in  detail,  that  due  to  dissociation 
of  the  attacking  gas  has  received  relatively  little  attention. 

It  was  felt  that  further  work  in  this  latter  field  was  desirable  for 
two  as  in  reasons.  Firstly  where  work  of  this  kind  has  been  attempted  the 
effect  of  atoms  has  sometimes  been  shown  to  be  considerable.  Secondly  as 
interest  in  the  upper  atmosphere  -  a  region  where  a  relatively  high 
proportion  of  molecules  ere  dissociated  or  excited  -  increases,  che  subjeot 
grows  in  technological  importance. 

Frevious  work  with  dissociated  or  activated  oxygen. 

The  most  marked  contrast  in  behaviour,  towards  oxygen  atoms  on  the 
one  hand  end  molecules  on  the  other,  is  shown  by  silver. 
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In  s  recent  detailed  survey,  Czanderna  (j.  Phys.  Chem.  68. 

2765,  (1964))  bas  shown  that  between  -77°C  and  35l°C  oxygen  is 
chemisorbed  on  silver,  probably  as  0  ,  0^'  and  0^*  that  coverage 
never  exceeds  a  nonolayer.  This  confirms  earlier  work  and  the  oxidation 
of  silver  by  molecular  oxygen  has  only  once  been  reported  (Menzel  and 
llenzel-Kopp,  Surface  Science  2,  376,  (1964)),  when  crystallities  of  AggQ 
weie  observed  on  silver  at  250°C  under  35  atmospheres  of  oxygen. 

In  contrast,  several  workers  have  observed  the  oxidation  of  silver 
by  oxygen  atoms  even  at  roon  temperature  (e.g.  Linnett  and  harsden, 

Fifth  Int.  Symp.  Combustion,  685,  (1955)).  Silver  probes  have  in  fact 
been  used  lo  give  a  me.  sure  of  atoo  concentration  (Jennings  Cuart  Rev. 

237,  (l96l)),  these  proves  being  quickly  blackened  due  to  oxide 
formation.  However,  there  has  been  only  one  previous  investigation 
of  the  kinetics  of  the  reaction  (Tyapkina  and  Dankow,  Doklady  Akad. 

Nauk.  S.S.S.R.  1 31 3  ( 1 ' VS ) ) •  Even  here  observations  were  limited 

to  the  first  twenty  minutes  of  reaction;  the  uptake  was  found  to  follow 
the  parabolic  race  law  approximately. 

Several  workers  have  found  that  the  presence  of  oxygen  atoms 
increases  the  rate  of  oxidation  if  the  oxide  formed  is  volatile. 

Rossner  a.d  -Hlendorf  (j  Chem.  Phys.  40,  3-41,  (1964))  have  found 

Q  Q 

that  between  SCO  C  and  150C  C  atoms  increase  the  rate  of  oxidation  of 
molybdenum  by  a  factor  of  about  twenty  -  MoOy  the  main  product,  is 
volatile  at  these  temperatures.  Similarly,  Fryburg  (j.  Chem,  Phys.  24, 
m,  (  195*6))  has  shown  that  platinum  is  oxidistd  to  volatile  PtOg 
at  1,COO°C  and  that  oxygen  atous  are  up  to  four  hundred  times  as  effective 
as  molecules.  Furrier,  Sutcliffe  (P.Phii.  Thesis,  Oxford  (l$'6A))  reports 
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that  atoms  greatly  increase  the  oxidation  race  of  chromium  above  150°C 
due  to  the  formation  of  CrO^  which  is  volatile  above  this  temperature 

According  to  Dravnieks  (j.  Amer.  Chec.  Soc.,  ]2,  3761,  (1950)), 
the  effect  of  oxygen  atoms  on  the  oxidation  of  copper  is  complex  due 
largely  to  the  fact  both  Cu^O  anl  CuO  may  be  present  in  the  oxide  scale. 
Atoms  tend  to  increase  the  rate  of  oxidation  during  the  initial  period 
when  only  Cu„0  is  formed  and  also  to  shorten  this  period,  Wlien  both 
oxides  were  present,  etoms  hrd  little  effect. 

A  little  oxidation  work  has  also  been  carried  out  using  oxygen 
activated  by  a  tesla  coil,  notably  by  Leibowit*  et  cl.  (j.  Blectrochea, 

Soc.  106,  1l66,  (l96l))  who  found  that  the  rate  of  oxidation  of 
uranium  to  the  non-protective  UO2  was  increased  by  up  to  twenty  fold 
on  switching  on  the  coil. 

In  addition  several  workers  e.g.  Haulfe  and  Engel  (Z.  Slectrochem. 

5Z-  773  (l953))  and  Dickens  euA  Sutcliffe  (Trans.  P&raday  Soc.,  60, 

1272  (l9&*0),  have  shown  that  the  presence  of  activated  or  dissociated 
oxygen  increases  both  the  amount  of  chemisorbed  oxygen  and  the  conductivity 
of  several  oxides.  Thus  in  the  case  of  a  growing  oxide  these  changes 
in  the  surface  concentration  may  well  alter  the  concentration  gradients 
ir.  the  bulk  and  hence  influence  the  oxidation  rate.  Previous  to  the 
present  work  however  there  appe.rs  to  have  been  no  attempt  to  relate  the 
effects  of  atoms  to  the  general  oxidation  theory  proposed  by  Wagner. 
Experimental , 

The  experimental  method  nay  be  outlined  as  follows.  A  controlled 
supply  of  oxygen  flows  first  through  an  R?  discharge,  resulting  in 
partial  dissociation  of  the  gas,  end  then  past  the  open  end  of  a  vertical 
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aide  am.  The  latter  is  closed  at  its  upper  end  so  that  there  is  no  net 

flow  along  it;  atoms  diffuse  into  the  tube  under  a  concentration  gradient. 

The  sample,  suspended  from  the  arm  of  a  microbe1  ance,  is  situated  in  the 

vertical  side  am  and  its  oxidation  is  followed  gravimetrically.  In 

addition  the  sice  arm  could  be  heated  so  that  oxidations  could  be  studied 

at  any  lemperaturo  between  ?5°C  and  800°C.  This  appears  to  be  tha  first 

apparatus  to  be  used  that  combines  the  continuous  production  of  atoms 

with  the  direct  gravimetric  investigation  of  oxidation. 

'"’he  oxygen  was  produced  ele<  ‘rolytic*  lly  and  used  in  its  undried 

state  as  the  presence  of  about  ’ter  rape  r  increases  the  degree  of 

dissociation  of  oxygen  .0  -ue  RF  dischaigc  *  ■'om  about  to  lO-a. 

The  operating  pressure  was  about  .0  microns,  the  gas  flow  being  controlled 

by  a  thermostat-d  needle  ve  ?.  Pirani  gauges  were  used  for  pressure 

-5 

measurement  at  normal  op^-ating  pressures,  and  pressure  of  aroun.'  1C 


mm  used  in  outgassing  pro  eu-res  were  recorded  on  a  Penning  gauge. 

The  sample  was  susr-...ded  by  a  quartz  fibre  from  one  arm  of  a 
Sartorius  microbalt.>ce.  This  balance  was  capable  cl"  detecting  changes 


of  ♦  1  pg  or  g?  :ater  and  total  weight  changes  up  to  10  ^ig  could  be 
followed.  Samples  weighing  up  to  1  g  could  be  used,  the  greater  part 
of  the  -oad  being  off  set  by  counterweights. 

The  re  tic  il  diffusion  arm  was  heated  by  j  nichroce  wire  furnace 
wound  onto  oca  outsit  e,  s.nd  the  sample  temperature  during  runs  was 
measured  by  a  thenaocoupie  on  the  fumcc.  tv.1I,  ;r-vu;usiy  c  libr .tod  again 3 
ccooud  then  couple  i  Cvt  m  t..»  n_ra  1  c<  1-  prriricn.  TIj.  temperature 
coui.'  be  !tcint  ..iti.in  ♦  2  C  x  any  dwsirx.'  vd*  C  uni  000  C. 

E  riffling  nod  a  cooling  ftc  -or-  introduc*.*!  to  rrct.ct  t.u.  balance  head  from 
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the  l'urn  r^c-  n;  the  discharge  tube  was  rjso  fan  cooled. 

Atom  concentrations  were  determined  with  silver  tipped  thermocouple 

probes  and  thus  only  a  relative  measure  was  obtained.  However  comparison 

with  earlier  work  on  similar  systems,  using  both  probes  and  Wrede  gauges 

(Linnett  and  Greaves,  Trans.  Faraday  Soc.  £4,  132},  (1958)),  suggested 

that  the  atom  concentration  in  the  sample  region  ves  equivalent  to 

a  pressure  of  6 JJ  at  room  temperature.  Unfortunately  at  higher  temperatures 

the  silica  walls  of  the  surfoce  became  much  more  active  towards  atom 

recombination  and  the  atom  concentration  in  the  sample  region  may  fall 
—  3  o 

to  as  low  as  10  y  by  750  C. 

One  probe  was  placed  in  a  small  side  arm  just  downstream  of  the 
discharge  tube,  to  monitor  the  atom  concentration  during  runs.  A  second 
similar  probe,  tipped  with  the  metal  under  investigation  could  also 
be  introduced,  by  means  of  a  side  ana  in  the  furnece,  into  the  norma-1 
(but  vacant)  sample  position.  Tne  purpose  of  this  was  twofold;  first 
the  probe  was  used  to  check  the  releti/e  atom  concentrations  under 
various  co:.uitions  and  second,  as  tne  sample  temperature  rises  in  the 
presence  of  aw.nns  just  ;■?  that  of  a  probe  dots,  the  magnitude  of  this 
rise  is  required  for  each  metal.  Thus  that  the  sample  temperature 
would  be  the  same  for  runs  with  and  without  the  discharge  on  the  furnace 
wall  temperature  was  set  at  an  appropriately  lower  tesperatur**  i—  the 
latter  case. 

Although  this  corrects  for  the  the  temperature  effect  due  to  ato&s 
over  the  greater  pdrt  of  a  run,  it  still  lt?vea  the  preblea  e*  the 
initial  temperature  rise  or.  switching  the  discharge  on.  The  effect  is 
stall  at  suy  SOC'C  as  the  total  change  is  only  about  }~C,  but  at  150°C 


t 
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the  temperature  rice  is  about  15°G  occurring  over  the  first  five 
minutes  of  the  run,  and  this  must  be  borne  in  mind  when  analysing  the 
results  quantitatively. 

One  further  correction  was  necessary,  as  the  thermoaolecular  effects 

were  large  at  the  operating  pressure,  fortunately  if  the  sample  was 

-5 

brought  to  temperature  urr.er  a  vacuum  of  10  nm  or  better  and  the 

oxygen  was  then  introduced  the  thermomolecular  effect  registered  immediately 

and  hence  could  readily  determined. 

The  metal  samples  were  normally  prepared  as  follows;-  a)  abrasion 
with  a  fine  Orode  emery  paper,  b)  rinsing  with  carbon  tetrachloride 

c)  drying  in  a  current  of  warm  air  and  d)  outgassing  at  700°C  and 

„c; 

10  "mm.  for  3C  minutes.  In  the  case  of  zirconium,  process  a)  was 
replaced  by  a  chemical  polish  in  a  solution  containing  1+5%  1^0,  h-5% 
cor.c  HNO^  and  1<$  KF.  Zinc  and  cadmium  could  not  be  outgassed  as  in 

d)  due  to  their  high  vapour  pressures,  this  stage  w. s  also  omitted  in 
the  case  of  tin  foil  oxidation  uue  to  its  low  melting  point. 

Results  - 

The  fourteen  metals;-  nickrl,  cobalt,  iron,  silver,  copper, 
zirconium,  aluminium,  tantalum,  tin,  zinc,  cadmium,  palladium, 
platinum  and  gold,  have  been  stuaied.  The  main  results  will  now  be 
given  metal  by  metal. 

Nickel . 

All  the  oxidations  showed  a  parabolic  time  dependence  and  the  presence 
of  atoms  increased  the  rate  constant  considerably  in  all  cases  as  shown 


in  Table  1 , 
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TABLE  1. 

The  Oxidation  of  Nickel. 


Run 

Temperature 

das  phase 

k 

°C 

species 

2  ^4 

gn  ./cn /sec 

la 

428 

°2 

4.53  .  10"16 

1b 

43° 

o  ♦  o2 

1.53  . 

ic 

545 

°2 

1.21  .  iCf'5 

Id 

545 

0  ♦  02 

7.28  .  if r1* 

2 

494 

°2 

2.45  .  10‘1Jn 

4 

490 

0  +  02 

2.13  .  10  J 

3 

64 8 

°2 

3.08  .  10~1J 

5 

650 

0  +02 

4.38  .  10"12 

The  results  of  runs  la,  lb,  1c  and  Id  are  shown  in  Pig.  II. 1 . 

The  ratio  (atons)/k^(nolecules)  was  about  10  at  600°C  and  sone  what 
higher  at  lower  temperatures,  the  activation  for  oxidation  being 
3&  kcal./nole  in  the  presence  of  molecules  end  35  kcd/nole  in  the 
presence  of  atoms ;  enlv  four  points  were  available  for  determining  each 
figure  however.  The  grey  black  scale  was  considered  to  be  NiO. 

Cobalt. 

The  oxidations  again  followed  a  parabolic  tine  law.  At  lower 
temperatures  (below  about  660°C)  eions  caused  only  a  slight  increase  in 
the  rate  but  at  higher  temperatures  (about  7CX)°C)  a  narked  increase 
l-esulted,  the  ratio  k^  (atona/^pC1110^0^658)  being  about  6.  This  is  borne 
out  by  the  results  in  table  2  and  confirmed  in  a  qualitative  manner  by 
the  results  of  successive  runs  on  sample  I  as  shown  in  fig.  II. 2 
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TABLE  2. 

The  Oxidation  of  Cobalt. 


Run 

Temperature 

Gas  phase 

k 

°c 

species 

2  ?  4/ 
gn  ,/cn  /sec 

2 

564 

°2 

8.46  .  io“12 

3 

563 

0  +  o2 

1.00  .  10"11 

4 

713 

°2 

1.02  «,  10"11 

5 

713 

0  +o2 

6.12  .  10”11 

1e 

713 

°2 

1.23  .  10-11 

If 

714 

0  +  U2 

-11 

7.21  .  10 

At 

the  lower  temperature  (runs 

2  and  3)  both  CoO 

and  Co,0,  were 

3  4 

present  in  the  3cale,  at  the  higher  temperature  only  CoO  was  found. 
Investigation  of  the  thermal  decomposition  of  the  scale  formed  in  runs 
2  e'xi.  3  showed  that  the  Co^O^  content  was  about  31$  by  volume  in  each 
case . 

Iron 

When  single  runs  were  carried  out  on  samples  the  parabolic  rate  law 
was  followed  and  a;oms  had  nc  detectable  elftct,  as  shown  in  Table  3 • 


TABLE  3. 


Run 

Temperature 

Gas  phase 

k 

°C 

species 

2  /  4/ 
gn  ./cm  /sec 

3 

652 

°2 

1.61  .  10‘9 

4 

651 

0  +02 

1.61  .  10’9 

5 

652 

0  ♦  o2 

1.69  .  10"9 

Further 

runs  at  227° C,  493°C 

and  563 °C  confirmed 

that  atoms  had  no 

effect.  Data  from  these  runs  were  not  analysed,  quantitatively  however  as 
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several  runs  were  carried  out  on  the  same  sample  leading  to  deviations 

from  the  parabolic  lav;.  Above  about  570°C  the  bulk  of  the  scale  was 

assumed  to  be  mainly  non-stoichiooetric  FeO  with  successive  layers  of 

Fe,0,  and  Feo0,  outside  it,  below  5;’0°C  the  FeO  layer  is  known  to 
3  4  2  3 

disappear  or  to  remain  only  as  a  thin  subscale  on  top  of  the  octal. 

Silver. 

The  results  of  oxidising  silver  by  atonic  oxygen  are  shown  in  table  4. 

TABLE  4. 

The  Oxidation  of  Silver. 


Run 

Temperature 

k 

k 

°C 

gn  /cm.  /sec 

2  .  C4y 
gn  ./cn  /sec 

If 

277 

5.81  .  10'11 

1g 

225 

1.45  .  10‘1V 

15 

168 

-10 

-IS 

1.82  .  10  ^ 

1i 

310 

1.52  .  10 

1  j 

65 

1.10  .  10”11 

2b 

65? 

5.53  .  10“^ 

Thus,  in  the  aain,  the  oxidation  follows  a  par.  bolic  rate  lev 

with  deviations  towards  cubic  in  sone  instances,  see  Fig,  II. } .  The 

majority  of  runs  were  carried  out  on  the  sane  sample  as  the  silver  was 

0  -5 

regenerated  between  runs  by  heating  the  oxide  to  above  350  C  at  10  nc. 

The  oxidation  rate  is  seen  to  be  remarkably  fast  for  such  low  temperatures 
(c.f.  k^  for  Co  or  Ni  at  600°C  -  70O°C)  this  being  largely  iue  to  the  low 
temperature  coefficient  foi  the  process  determined  here  cs  10  ♦  3*5  kcal/uole 
for  the  temperature  range  170°C  to  3lOCC.  Below  170°C  the  rate  is  even 


faster  than  would  be  expected  iron  an  extrapolation  of  the  higher  temperature 
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results.  Above  170  C  only  A&fl  appears  in  the  scale  but  at  room 
temperature  both  A^O  ajri^  ^  ouver  layer  of  AgO  are  present,  about 
40$  of  the  oxygen  being  in  the  latter. 

Copper. 

The  results  obtained  for  copper  fall  into  two  groups  -  below  250°C 
where  only  thin  oxide  films  are  formed  and  above  400°C  where  thick  films 

are  obtained.  The  chin,  film  region  will  be  considered  first.  With 

0  the  untake  rrs  coo  snail  for  the  data  to  be  analysed  accurately, 
k 

In  the  presence  of  atoms  the  up t alee  was  increased  by  a  factor  of  about 
seven.  Earlier  work  (e.g.  b>  G  athr.ey  et.  el,  «.cta  Metallurgia  4, 

145,  153,  (l95^))  has  shovm  tht  the  rate  of  oxidation  depends  on  the 
crystal  face  exposed;  the  rote  with  atoms  is  five  or  six  times  faster 
than  the  fastest  race  observed  with  0^.  Initially  at  about  150°C  the 
uptake  followed  a  logarithmic  lav  but  the  later  stng.s  oi  t’a.e  runs  could 
also  be  represented  by  a  cubic  plot.  The  range  of  applicability  of  the 
cubic  law  increased  with  temperature  e:. tending  over  a  complete  run  by 
200°C.  The  cubic  race  constants  wtre*- 


Tcmperature 


3/  °  6, 

gn.  /cm.  /sec 

_1C 

3.52  .  10  '' 


1  .12  .  10 


213  8.73  .  10 

and  tht  r  ctiv.ation  •.  nergy  w  .3  18  kc'J  ,/r.oie .  The  scale  w..s  blackish 

indicating  that  it  .  as  mostly  CuO. 

Above  40C °C  the  oxidation  K  '.vviour  was  somewhat  nore  cocplex.  In 

_  o 

molecular  oxygen  at  Jo  u  the  rate  n  s  linear  e.g.  at  C, 
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_Q  2 

kp  =  9*33  •  10  gn./cn.  /sec.,  but  at  19.2  cn  pressure  of  Og  the  rate 

■“1 12  4- 

was  pc.r.-bolic,  (k^  =  2.77  •  10  g..'..  /cm.  /sec.)  conparing  well  with 

rrtes  observed  by  otner  workers  similar  pressures  (e.g.  Vs.lt nci  Rev. 
Met:. 11  4£,  10,  (l94fl)).  The  linear  rc.te  constant  incre;  sed  almost 
linearly  with  pressure  (see  Pig.  II.it-  for  sample  6  at  575°C)  until  by 
the  tiir.e  the  pressure  reached  0.5  mm  diffusion  through  the  scale 
become  r*te  determining  and  the  parabolic  rate  law  was  followed. 


In  comparison,  only  a  short  linear  period  was  observed  in  the 

presence  of  atoms  and  at  comparable  temperatures  and  pressures  the 

rate  constant  is  about  fifteen  times  greater  than  with  O^.  Subsequently 

parabolic  law  is  followed,  k  being  comparable  with  that  obtained  with 

P 

high  pressures  of  0o,  se<-  Pig.  II. 4.  The  activation  energy  of  20.7  kcal/mole 
from  the  parabolic  rate  constants  is  in  good  agreement  with  Valenci's 
value  of  20  1  kcal./nole.  The  scale  WcS  again  predominantly  CuO  though 


it  w<-5  probable  chat,  in  the  initial  periods  when  the  linear  rate  was 
observed,  only  Cu^O  was  present.  (Honjo,  J.  Phys.  Soc.  Jap.  if,  330,  (l949)). 
Ziroonium. 

The  results  obtained  for  the  oxidation  of  zirconium  are  shown  in 


table  5. 
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TABLE 


The  Oxidation  of  Zirconium. 


Run 

Temperature 

ft  -S  phase 

k 

°C 

3pecies 

2?  4/ 
gn  /cn  /sec 

2a 

518 

°2 

6.28  .  10-13 

2b 

520 

0  +  o2 

5.62  .  10-13 

2c 

636 

°2 

1.62  .  10_1i 

2d 

637 

0  +  o2 

2.41  .  10'11 

6a 

435 

°2 

4.00  .  10"14 

6b 

435 

0  +  02 

4.33  •  10“14 

7 

498 

0*0; 

5.28  .  10“13 

8 

496 

°2 

3 

535 

0  .o2 

-12 

1.71  .  10  1 

4 

535 

0  +  02 

-12 

1.50  .  10 

5 

535 

°2 

k 

2°,  6 


6.10  .  10“l7 


5  535  02  4.18  .  10"W 

A  ocan  squares  analysis  of  the  values  gave  activation  energies  of 
>3.4  kcal./nole  and  38.8  kcal./nole  for  nolecules  end  atoms  respectively; 
the  plots  are  shenm  in  Fig.  II. 5.  The  presenct  of  atons  increased  the 
oxidation  rate  slightly  e.g.  at  560°C  k^  ( r  to;  .s)/k^(nolecules)  =  1.46. 

Other  metals. 

The  results  for  the  other  .etuis  ill  r.o..  be  considered  r.orc  briefly. 
Aluminium . 

The  introduction  of  atoms  appeared  to  have  no  effect  on  the  oxidation 
r  te  in  the  temperature  range  25  "C  to  660°C  (the  ..citing  point  of  aluminium.) . 
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Tantalum. 

Atoms  again  appeared  to  .ave  little  effect  when  the  scale  was 
protective,  the  results  were  somewhat  irreproducible  however  as  the 
protectiveness  of  the  scale  varied.  In  some  runs,  where  the  rate  of 
uptake  vers  almost  linear  both  the  presence  of  atoms  and  higher  pressures 
of  C>2  increased  the  rate. 

Tin. 

The  effect  of  atoms  on  the  oxidation  of  tin  foil  (below  232°C)  was 
snail  and  was  too  small  to  be  detected  in  the  case  of  oxidation  of 
liquid  tin.  Ir  the  latter  case  the  scale  again  afforded  a  variable 
degree  of  protection. 

Zinc  and.  Cadniun. 

Investigations  were  only  carried  out  in  the  temperature  range  25°C 

Q 

to  150  C,  due  to  the  high  vapour  pressure  of  the  -etals.  No  oxidation 
was  detectable  in  the  presence  of  ei.hti  atomic  or  molecular  oxygen. 
Palladium. 

Only  thin  oxide  fiu.s  loruei  on  palladium,  at  the  higher  temperatures 
(~bove  550°C)  where,  r.t  atmospheric  pressures,  a  thick  oxide  film  results, 
the  oxide  decomposed  at  the  lov  operating  pr- ssuiws  usee  in  present 
work.  The  uptake  in  all  temperature  range  350°C  to  A50°C  was  approximately 
logarithmic  bu.  induction  periods  were  observed  initially.  Atoms  tended  to 
eliminate  there  induction  riods  but  did  not  cause  any  increase  in  the 
total  uptake. 

Platinum  and  Gold . 

lie  it. ter  of  these  metals  were  oxiuised  to  any  detectable  extent  by  either 

o  o 

rr  oxygen,  in  the  temoeraturt  range  25  C  to  5 00  C. 


atomic  or  aol 
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Discussion. 

Nickel, 

When  nickel  is  oxidised  it  forms  a  scale  consisting  ol  the  single 


p-type  oxide,  NiO.  According  to  the  Warner  uc  'el  the  scaiLe  grows  as  a 
result  of  transport  of  fresh  metal  to  the  gas  oxide  interlace  under  a 
concentration  gradient  of  nicktl  ion  vacancies,  Ni2+iu  .  At  the  metal/ oxide 
interface  the  Ni2-fQ  concentration  is  almost  zero  but  at  the  go  a/ oxide 


interface  it  is  much  larger  due  to  the  reaction 

2Ni2+  ♦  =  NiO  +  Ni2+Vh  +  2Ni^,  &  0°  - ( 1 ) 

(when  the  g,  s  is  All  charged  species  are  on  the  c-tion  sub-latt' me 

in  NiO,  A  G®  is  the  partial  :.:clal  stands.: d  free  cncr^'  of  re  ctior.  (l). 
Applying  the  law  of  ...ass  action 

(Ni2+A ■■)  (Ni3+)2  =  P027  exp  {-L  G®/HT) 
assuming  that  concentrations  are  «.<•  tl  to  activities  anc.,  th?t  (Ni2+) 
and  (NiO)  are  constant,  thus  from  (l)  (Ni2+C  )  =  ^(Ni^*)  and 

(Ni2+u)  =  C'  PO^  exp  &°/5RT)  (la) 

When  atoms  an.  present  the  analogue  oi  reaction  (l)  is 

2Ni2+  +  0  =  NiO  +  Ni2+_:  +  2Ni3+,  - (2) 

and  by  similar  analysis 

( Ni2+  ■ )  =  PO"  exp  ( -  ^  G^/3RT )  ( 2  ) . 

Thus  the  vacancy  concentration  is  acre  sensitive  to  the  tssurt  of  atoms . 

More  important,  he  v-,  r  is  .he  dixf  between  0  G°  and  & G°  -  suctrncf 

f  1  ^ 

of  (2)  fro.,  (l)  gives 


*>2  =  0  *-G®  -  uG?  :  C>G®, 


hence  (2a)  beco.e; 


(Ni2+  '.)  =  4  "  P0:  exp  (-..G®/3WT)  ex;  (;\G°J}2T) 


,  ,,  su  .  . 

As  \  ,  is  4;OSXv ive ,  a v  compn 


pressures,  a.'j  .s  le  d  to  f...r  ..ore  varan 


> 
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gr.-dient  across  the  sccde  rises  by  slmst  the  sane  factor. 

o  -s 

At  650  C  and  40  u  pressure  P0-,  in  atmosphere s  is  about  5*10  ",  PO, 

when  the  discharge  is  on,  is  ebout  1C  7  and  under  these  conditions  the 

rates  (Ni^+,3)  (ato  .s)/(Ni^+<~.)  (molecules)  is  11.13  in  very  gooc  agreement 

with  t he  obser'Vcd  value  of  1C. 

The  oxidation  rate  depends  on  the  product  of  the  concentration  and 

the  nobility  of  the  nickel  vacancies.  Hence,  in  the  presence  of  0^»  the 

activation  energy  for  oxidation  is  (A  K°/3  +  V)  where  AH°,  is  the  standard 

heat  of  reaction  (l)  and  V  is  the  ctivocion  energy  ior  diffusion  oi  the 

vac •  ncy .  "len  at  or  3  are  pre.e.it  the  active  ion  crurgy  be  Cures  (fl  ■J-^3  ♦  V) 

where/5H°  =  -  /•  H°.  i.  H°  is  about  59  kcai/nolc  sc  that  the  presence 

2  1  d  d  * 

of  f  to..a  should  lower  the  activ  -..ion  energy  by  nt :  rly  2C  kcal/ruole . 

In  fect  t..e  activation  .--nergy  in  the  presence  of  0  t...s  only  about 
5  kcnl  lower  th:x  in  the  presence  oi  02.  kost  01'  this  discrepancy  nay  be 
attributed  t:  a  trace  of  ii-on  inpurity  shown  by  spectrorr-t  -hie  analysis 

to  be  'resent  tj  t.ic  extent  oi  shout  Ippn.  This  is  sufficient  to  explain 

-5 

the  rather  high  v -flr.es  oi  k^  at  PO  =  p.10  and  as  the  iron  .w  s  most  eff.c 

r 

at  the  lower  te  ,-ci  atur.  ;•  tilt  slightly  low  value  for  the  activation  energy . 
Fum.tr  it  will  reduce  t..e  observed  ef i  ot  due  to  w »o...a  -  gain  in  the  low 
temperature  range  as  cony,  re-d  with  th.  t  pn  dict.d  for  cart-  r.icke . 

Cobul t . 

At  the  high,  r  tcr.pt .  a t urea  whe  re  ordy  CoO  is  ierned,  the  situation  is 
siail  .r  to  th  .t  discussed  for  NiO  erd  atot.s  e.  ust  .  large  change-  in  the 
k  value.  sii»,.:t  numeriod  iff  era. net.  occur  r.caus.  of  inert-  seu  associat 
0:  .ef.  ctr  or.  the  sc  dt  i.  .  .  the  x.  lc.-ue  cl  a  ..c.icn  { 1  ’’  is 


0:  .ef.  ctr  in  the  sc  dt  i. .  .  the  x. 
_  2  + 


+  jQ„  =  CoO  + 


:♦  „  3  + 


)  ♦  Co' + 


;.v  :  .  nccr.tra .  ion  of  cor  mxei  vxcfncce.  is  PCd  ;  ir.  the  presence  01 

c 


.  ».!ni  .  VK  1 - -e 


s  PO^ . 
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The  rein  discrepancy  between  tr.eor-  esc  practice 


fro  the 


feet  that  on  outer  layer  of  Co^O  should  still  be  then .odyr.e-jice.lly 
stable  at  70C°C  in  the  presence  of  a  tors  but  none  could  be  detecte  d. 

Two  factors  uay  account  for  this:-  at  the  e.  tea.pcratures  the  arriv  1  rate 
of  atoms  is  no  longer  much  greater  than  the  incorporation  r-  cl  of  oxygen 
by  the  scale  and  this  may  ie  d  to  non-e  quilibrix.  con.  itions  at  the 
surface,  further,  as  with  silver  and  pdlouiu  ,  it  »;as  found  th*t  the 
critical  temperature  rt  v.hich  an  oxide  beex.e  unst.  bl  in  the  presence 
of  r.tor.s  was  -hat  a:  nhich  its  .  eco  .posi  .ion  rate,  in  the  presence  of 
02,  be  cane  very  r~pi..,  again  s  greeting  thx  t  kince*c  factors  we  re  playing 
an  inportant  role. 

At  the  low.r  te  peratures,  t.m  bulk  of  the  scale  is  still  CoO  :xd 
as  it  is  bounced  by  t.m  Co/CoO  and  the  Co0/Co70;)  interfaces  its  growth 
rate  is  irrg.ly  independent  of  changes  in  che  oxygen  po.enti  JL  in  the  gas 
phase.  Thus  the or v  predicts  that  the  ; n sene--  oi  atoms  .ill  affect  cnlj 
the  miner  constituent  in  the  sc'i.  an:,  their  erf.ct  -..ill  fc-  s..rll.  The 


final  ore  ale  t  ion  is  correct  but  v 


. viaer.Ce  that  the  Co^O, 


car.tert  and  more -a > 


Iron. 


i rx  ..cst  nee  o: 


-  >  t.i  .  .  v5  uL 


w  v-  ^  ^ 


t.* 


Any  I’cO  an  the  sc 


l  b  0  v  a  <.b  '  ,  ^  p  ,V  e  y  g  Z 


arv..  1 2  :m 


,  :  .  ct-  i  b  v  :  s 


.n  no  pie : c  rgre-crte-r.t  .  it 
\  . .  .  s  t .  .e  .  ,  . :  c  o  r.  s  t  a  v 

•  he  ?sO/F-.  ,0.  in  ..  rfnee  t 

:  ■  '  r'v  V.  a. 


rzajcr  const :t  merit  t 
O./le  0.  inter:  ; 

j  ■* 

iXC  ,*th  r '  te  a  virt 


)  t-etw-  -  r.  tn 


t  i..a.  a  . 


Lr~  c ; 


v  /  -  -  *v 


HC 


.  ,  H  _  A 


^  6- 


'v-****''  -e*  va^k- 
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phase  -  this  point  will  be  cor  side-re'"  m  greater  det- il  in  the  section 
on  n-tyv.c  oxides. 

Silver. 

In  the  review  of  previous  work  it  res  pointed  out  that  oxygen  is 
chw . .isorbed  on  silver  a*  to  310"C.  Th,  present  work  shows  clearly 
that  it  is  not  diffusion  rate s  in  the  solids  that  prevents  this  oxygen 
forcing  an  oxidv.  scale.  Thus  it  . .ust  be  that  o^cuir  oxygen  is  not 
dissociative ly  ,  1 sorbed  on  the  silver  at  ttrape* r.ture s  below  ahi-h  the 
oxides  of  silver  are  stable  ( 1opwC  for  Ag- 0  when  P0o  =  1 ). 

The  low  activation  energy  fc.  oxH  cion  is  in  keeping  with  th  low 
activation  energy  lor  ionic  conduction  and  diffusion  in  Several  other 
silver  salts.  .»s  Ago0  is  r.  p-ty-  ..  oxide  the  hjgh  rate  of  oxidation 
observed  at  65 °C  will,  at  It  st  in  part,  U.  due  to  the  considerable 
increase  ir.  Pd  with  the  reduction  i..  te:  .pc  r:  ture .  The  situation  is 
cor:  Heated  by  the  fora tt ion  of  an  outer  layer  of  .dgO,  con  lining 


Thus  increasing  the  oxygen  potential  in  the  ga 3  phase,  either  by 
increasing  the  pressure  of  0^  ky  introducing  atoms,  causes  a  large 
increase  in  the  oxidation  rate.  When  the  extent  of  oxidation  is  large 
however,  both  CuO  an:  Cu^O  are  present  in  the  3eale  and  the  effect  of 
atoms  or  of  -'ariation  in  FO^  is  snail. 

Metals  Oxidising  to  fora  n-type  oxides. 

This  group  includes  the  metals  Zr,  Al,  Zn,  Cd,  Ta  and  Sn«  In  the 
oxidation  of  sir  coni  aim,  the  ZrO,,  scale  grows  at  the  Zr/ZrO^  interface 
following  transport  of  frcch  oxygen  through  the  scale  by  means  of  anion 
vacancies.  The  concentration  of  these  vacancies  is  large  at  the  netal/oxide 
interface  and  virtually  zero,  even  in  the  presence  of  0^,  at  the  gas 
oxide  interface.  Thus  the  presence  of  atoms  in  the  gas  phase  only 
brings  the  lower  concentration  even  closer  to  zero  and  their  effect  is 
consequently  negligible.  Similarly  the  supply  of  interstitial  zinc 
responsio.  'or  the  transport  of  fresh  material  across  a  growing  scale 
of  ZnO  on  Zn  is  govern  .  almost  entirely  by  the  Zn/Z nG  interface  reactions. 

In  the  cases  where  the  scale  remained  protective  this  predicted 

behaviour  was  in  general  observed  for  the  metals  investigated  in  this 

work.  The  snail  but  definite-  increase  in  k  values,  due  to  atoms, 

V 

observed  for  zirconium  is  probably  connected  with  the  surface  preparation, 
Gulbransen  and  Andrew  (j.  Metals  9,  394,  ( 1 957 ) )  have  shown  that  after 
an  electrochemical  polish  the  rale  of  oxidation  of  zirconium  is  slower 
and  1. ore  likely  to  follow  the  parabolic  tint  law  than  alter  abrasion. 

The  results  presented  here  confirm  the  pred on inane e  of  the  parabolic 
rate  law  alter  this  preparation  and  the  k  values  for  0 ^  are  in  good 
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agreement  with  Gulbransen* s.  The  effect  of  atoms  i3  rather  less  than 
that  of  abrasion;  both  probably  influence  the  subscale  forced  at  the 
metal  oxide  interface,  the  bulk  of  the  scale  behaving  as  predicted  by 
the-  theoretical  model. 

Palladium,  platinum  and  gold. 

The  results  for  palladium  oxidation  support  the  idea  that  the 
initial  nucleation  and  growth  of  the  oxide  are  speeded  by  the  greater 
abdundance  of  0  or  0  on  the  surface  resulting  fron  the  presence  of 
atoms  in  the  gas  phase.  Again  the  presence  of  atoms  did  not  increase 
the  temperature  range  over  which  the  PdO  was  stable  as  would  be  expected 
on  thermodynamic  grounds.  The  inactivity  of  gold  and  platinum  in  the 
presence  of  oxygen  appears  to  be  due  to  a  property  of  the  metals, 
possibly  connected  with  their  high  first  ionisation  potentials,  and  does 
not  depend  on  the  state  of  the  oxygen  as  is  found  for  silver. 

Conclusions. 

4  ■■  P  II  ■■ 

The  survey  has  shown  that  the  effect  of  oxygen  atoms  in  the  gas 
phase,  on  the  oxidation  of  a  wide  range  of  metals,  can  be  explained  in 

a  semiquantitutive  manner  by  the  existing  theories  of  oxidation. 

Maximum  effects  were  found  as  predicted,  when  the  scale  consisted  of 

a  single-  oxide  such  as  NiO  and  very  small  effects  resulted  when 

an  n-type  oxide  such  as  ZrO^  or  a  nulti-oxiie  scale  such  as  FeO/Fe^O^Pe^O^ 
was  forced  *  Further  work  with  oxides  like  NiO  in  conjunction  with  a  more 
abundant  and  variable,  known  atom  concentration  would  provide  a  more 
rigorous  tost  of  theory,  as  the  pressure  dependence  and  activation  energy 
in  the  presence  of  atoms  could  then  be  determined  accurately. 
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The  work  on  silver  suggests  that  in  this  case  it  is  the  absence 
of  dissociative  adsorption  of  0^  that  prevents  oxidation  in  molecular 
oxygen.  Here,  as  vdth  cobalt,  further  work  with  large  known  atom 
concentrations  should  provide  uore  information  about  the  interesting 
problem  of  the  stability  of  higher  oxides  in  the  presence  of  atomic 
oxygen. 


Niifctl  Oxidation 


Cobalt  oxidation,  aaapla  \ 
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CHAPTER  III. 

Recombination  of  Oxygen  atons  on  Oxide  Suriaces:  Port  2.  Catalytic 
Activities  of  the  alkali  natol  Tungsten  Bronzes,  by  P.  G.  Dickens  end 
M.  S.  Whittinghan. 

Abstract. 

The  recombination  of  oxygen  atoms  has  been  studied  on  the  surf,  cos 
of  the  alkali  metal  tungsten  bronzes  of  general  fcn..ula  K  'JO  where 

*  j 

M  =  Li,  Na  or  K,  ann  0  x  i,0.8C.  The  recombination  coefficients,  \  , 
defined  as  the  fraction  of  atomic  collisions  with  the  3urju.ee  which 
results  in  recombination,  were  measure:.  r.t  300°K  by  a  side-cun  method. 
Catalytic  activities  were  fo.-nd  to  be  closely  related  to  the  electronic 
properties  of  the  bronzes. 

Recombination  measurements  were  supplemented  by  studies  of  electrical 
resistance  und  crystal  structure. 
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The  activity  of  a  catalyst  may  be  deter. '.irk. d  by  both  electronic  and 
geometric  factors.  The  alkali  atd  tungsten  bronzes  of  composition 
U  WO,,  where  0  <  x  0.80  provide  ._n  interesting  series  of  graduated, 
stable,  compounds  in  yd.ich  the  electronic  properties  change  in  n  narked 
and  controllable-  way  but  in  which  lattice  par-mete  s  are  only  slightly 
affected.  They  arc ,  therefore,  useful  system?  to  study  in  testing  the 
role  of  the  electronic  factor  in  catalysis. 

The  crystal  structure  changes  little  with  co.  position.  The  high 

x-v. lue  sodiun  ana  lithium  bronzes  have-  the  peruvskite  structure 

(fig.  III.l)  and  as  x  decreases  the-  structure  beco.cs  progressively 

more  distorted,  passing  through  two  tetragonal  phases  to  the  triclinically 

2 

distorted  structure  of  70y  The  Potassium  bronzes  have  only  tetragonal 

3  _ 

and  hexagonal  structures  ove;  their  nctrro”’  composition  range.  The 

.lectriccl  properties  of  the  tungsten  bionze-s  are  well  known.  They  are 

n-type  semiconductors  for  x  <-  0.25  and  metallic  conductors  for  x  0.25 
with  one  'free  electron'  per  alkr-li  ratal  a  tor.  This  change  in 
conductivity  type  ray  be  correirite  with  the  crystal  structure.  For 
x  C0.25  the  alkali  .ecal  atoms  1  my  reside  at  the  diagonally  opposite 
corners  of  the  cube;  however  when  x  >  0  25  the  metal  atoms  must  resiec 
at  corners  on  the  same  lace  of  the  cube.  Hert  the  interne  amic  distance 
is  very  similar  co  that  in  the  pure  ..c-tal  e.m.  for  sodium  3*82  X  in  the 
bronze  ag.  inst  3*72  X  in  the  pure  .  etal.  It  is  reasonable  to  suppose 
that  the  activity  Oa  the  bronzes  for  o>vgen  .  tor.  recombination,  which 
involves  electron  transfer  between  «dsorbr.te  and  adsorbent  will  be 
composition  dependent. 
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The  recombination  of  oxygen  atoms  on  other  oxide  surf  ce_  at 

roon  temperature  has  bv^n  found  to  be  lirst  order  with  lespect  to 

1  1 

g-.stous  atoms.  The  rate  determining  seep  is  prob  bly 


0(g)  +0  (aus.) 


'(  solid) 


Experimental . 

atomic  recombination  coefficients  ..ere  ;  easurtd  by  the  side-arm 
act  od  of  Suit'."  using  an  app-.retus  similar  to  that  described  in  P  rt  1. 
The  side  rm  w..s  enc-s  d  in  a  .r  ter- jacxet  kept  rt  30C°  K,  ana  the 
oxyge  pressure  v  as  28  Samples  of  the  catalyst  -..ere  coctud  onto 
the  ins  ’  of  Pyr-x  c  linde-rs  fro.  an  .Cctone  or  water  slurry  of  the 
powder.  Tb.  Pyr-sx  cylinders,  which  were  15  or.  long  x  }  cn  diameter, 
fitted  closely  insi'e  the  siue-arr..  The  met  hoc’  of  measure  cent  and 

1 

calcul  tion  of  the  recombination  cocf:  icienv.3,  is  ...scuased  in  part  1. 
The  bronzes  ..ere  prepare..  .,e cording  co  the  eiua.aion 

!  h'ro4  *  *•}  ‘  f*  ■  :x»J 

by  heating  the  appropriate  tung3trrce ,  tungstic  oxicL  and  tungsten 

powder  in  an  al  main.-  boat  at  8pO  C  under  v.  cuum  ( 10  terr)  lor  live 

hours.  s  umpl e  of  pure  tungstic  oxide  m  s  h-._ted  m  the  some  . .arux-r. 

The  bronze l  were  -ashed  suuCe  s:  Lvvly  wifi  very  dilute  boiling  .NaC.'i, 

water,  cone.  HC1,  w.ter  are:  a  a  tcr.e .  .ire  spectra  showed  the  presence 

of  Itss  than  0.2‘>  of  impurities  (ikaii  .  esrJLs  and  molybdenum )  in  the 

starting  :,ateri:-Is.  The  sodium  tungsten  bronses  were  analyst  for 

soaiur.  content  using  neutron  activ.  tion  analysis  with  sodium  carbonate 

as  standard.  The  2.76  *-.V  peak  was  counted  using  a  N  -speCtro.  .e  ter 


scintilla  ion  counter.  The  lith.ua.  mm  rosa  ssium  bronzes  were  analyst' d 


I 
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for  alkali  natal  content  by  flame  spectrophotometry  using  a  hnicen  S?  900 
model.  These  bronzes  were  brought  into  solution  by  fusion  in  1  Nr.oC0^t3  N  NO^ 
mixture.  Standard  solutions  were  made  from  lichiuc  or  potassiun  nitrate 
and  sodium  nitrate  to  natch  the  sodium  content  of  the  unknown  solutions 
from  the  fusion  mixture. 

Surface  areas  of  the  powders  were  detc.r.ined  by  the  3.T..T.  method 

using  krypton  adsorption  at.  liquid  nitrogen  temperatures.  The  value 
2 

1 9*5  A  was  us--d  for  the  area  o i  a  krypton  molecule. 

X-ray  photographs  were  taken  with  a  Guinner-de  Wolff  camera  using 
CuK^.. radiation  with  exposure  times  of  72  hours;  thoria  was  mixed  with 
the  samples  to  act  as  a  standard. 

The  electrical  conductivities  of  pelleted  samples  were  measured  at 

-5 

10  torr  using  a  Wayne-Kerr  R.?.  Bridge  and  on  Avo  electrical  test 

meter.  Measurements  on  the  R.F.  Bridge  were  restricted  to  resistances 

over  25  ohms.  M  asurenents  on  pellets  are  unsatasiactory  for  low 

resistance  materials,  when  the  intergranular  resistances  may  be 

relatively  large.  The  resistances  of  the  samples  fell  sharply  from  pure 

tungstic  oxide  to  the  metallic  bronzes,  table  1,  This  is  in  agreement 

4 

with  previous  results. 

Results. 

Within  experimental  accuracy,  oxygen  atom  recombination  was  found 

o 

to  be  first  order  with  respect  to  gaseous  atoms  at  300  K  on  all  the 
surfaces  studied.  Table  1  lists  the  values  of  the  recombination 
coefficients,  which  are  the  mean  of  four  runs  on  two  samples  and  their 
standard  deviations;  the  surface  areas  which  are  the  mean  of  two 

« 


Table  1  Collected  Rti ulta 


COMPOSITION  S 

URFACE  AREA 

RECOMBINATION 

SPECIFIC 

CRYSTAL 

2 

COEFFICIENT 

RESISTIVITY 

STRUCTURE 

Nominal 

Analysed 

a  /gm 

if  x  100 

OHK-CM 

WOj 

- 

2.247 

3.71+0.01 

5200 

WO3 

Na  0.10 

0.102 

0.317 

2.61*0.08 

150 

I 

Na  0.20 

0.212 

1.304 

1,89+0.02 

25 

I, II 

Na  0.25 

0.260 

- 

1,83+0.08 

- 

- 

Na  0.30 

0.313 

1.476 

2.58+0.11 

<10 

II 

Na  0.40 

0.402 

- 

3.94+0.50 

- 

II 

Na  0.45 

0.454 

1.582 

4,26+0.36 

<10 

«m 

Na  0.50 

0.500 

- 

3.82+0.03 

- 

(II), c 

Na  0.60 

0.600 

0.767 

0.70+0,03 

<10 

C 

Na  0.80 

0.801 

0.400 

0,42+0.02 

<10 

C 

Li  O.Op 

0.026 

2.247 

5.j60+0.44 

- 

W03 

Li  0.10 

0.086 

0.125 

2.86+0.33 

I 

Li  0.15 

0.130 

0.112 

2.76+0.01 

- 

1 

Li  0.25 

0.217 

0.228 

2.15+0.02 

- 

x.  (•* 

Li  0.30 

0.262 

0.239 

2.87+0.01 

- 

(i)»  e 

Li  0.35 

0.295 

0.208 

2.96+0.04 

- 

(1),  * 

Li  0.40 

0.348 

0.213 

3.91+0,19 

- 

- 

K  0.40 

0.399 

O.O65 

3.93+0.05 

- 

«• 

K  0.475 

0.474 

0.267 

4.21+0.07 

- 

X 

K  0.55 

0.547 

0.888 

2.12+0.02 

- 

- 

2 

*  I  and  II  -  tetragonal  I  and  II  phases  ,  C  -  cubic,  X  -  some  less 
symmetrical  system. 
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determinations;  the  lectriccl  resistivity  at  room  temperature;  the 
analytical  data  and  the  x-ray  structures. 

Discussion. 

Oxygen  atom  r^ combination  is  a  ver,  rapid  reaction  and  so  only  the 
exposed  outer  layers  of  the  catalyst  surface  are  likely  to  he  available 
for  reaction.  Some  evidence  for  this  is  provided  by  the  potassium 
brom.es  which  have  similar  activities  to  the  sodiuia  compounds  end  yet 
have  very  different  surface  areas.  A  quantitative  expression  for  the 
effect  of  surface  area  on  recombination  coefficient  is  derived  in  the 
appendix.  Fig.  111.3/  compiled  from  thi3  expression,  shows  that  the 
overall  activity  pattern  is  insensitive  to  changes  in  surface  are: 

Fig.  III. 2  shows  that  the  pattern  of  catalytic  activity  for  oxygen 

atom  recombination  is  approximately  the  seme  whether  Mis,  Na,  Li  or  X 

in  M  WO,.  This  is  a  clear  indication  that  electronic  factors  dominate 
x  3 

the  catalytic  behaviour.  As  the  crystal  structure  is  dependent  on  the 
alkali  metal  present,  it  cannot  have  my  narked  effect  on  the  activity 
pattern.  It  is  interesting  to  note  that  the  changes  in  surface  area 
correspond  almost  exactly  to  the  changes  in  crystal  structure. 

The  conduction  band  in  the  broncos  con  be  considered  vis  made  up 
either  by  overlap  of  the  alkali  net  cl  p  orbitals^  or  by  overlap  of  tlie 
tungsten  3d  ( or^^ta^3*^  The  former  suggestion  seens  the  more  likely 
as  the  lattice  dimensions  permit  appreciable  overlap  of  the  alkali 
metal  p-orbitrls,  whereas  little  overlap  of  the  tungsten  pd  orbit;  Is 
would  be  expected.**  However  only  when  there  are  sufficient  alkali  metal 
atoms,  x  0.25»  will  appreciable  overlap  of  p  orbitals  be  possible. 


Recombination  coefficient 


bronzes 


Recombination  coefficient 
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When  this  occurs  ;neir  energy  will  fall  relative  to  those  in  the  fVee 

atom.  The  s  orbitals  overlap  appreciably  with  the  filled  WD^  orbitals 

thus  increasing  their  energy,  by  electrostatic  repulsion,  relative  to 

11 

the  free  atom.  N.lw.R.  studies  show  that  the  s  orbitals  of  sodium  do 
not  contribute  to  the  conduction  band.  For  x  <.  0.25,  the  alkali  metal 
electrons  are  localised  and  conduction  will  take  place  by  a  ’hopping' 
process  probably  involving  sone  excited  state  in  the  complex. 

Beyond  this  composition  range  the  alk.li  metal  electrons  will  become 
delocalised  and  r.m  !iic  conduction  will  take  place  via  the  p-band. 

It  is  probable  that  oxygen  in  the  presence  of  oxygen  atoms  is 
adsorbed  predominantly  as  icnsJ  If  the  direct  recombination 

reaction 

°(g)  +  °"(sde)  °2<g)  +  '(solid) 

is  rate  determining,  then  low  activation  energy  for  this  reaction  and 

high  coverage  will  promote  the  r& combination  rate. 

In  the  semiconducting  region,  x  <  0.25,  the  Fermi  level  will 

increase  wi -h  increasing  alkali  metal  content.  According  to  the 

g 

boundary  layer  theory  of  chemisorption,  oxygen  will  be  adsorbed 

dopletively  to  low  coverages  on  n-type  oxides,  such  as  the  bronzes 

within  this  composition  range.  The  activation  energy  for  the  reaction 

is  determined  by  the  position  of  the  Fermi  level.  As  the  rate  depends 

exponentially  on  the  activation  energy,  and  directly  on  the  coverage, 

6 

which  is  proportional  to  the  square  root  of  the  i;  .purity  content, 
it  is  most  probuble  that  the  effect  of  increasing  activation  energy 
will  be  uoninant.  Thus  catalytic  activity  is  predicted  to  decrease 


i 
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from  pure  TO,  to  Na,  _CW0,. 

3  vJ.o  3 

As  x  increases  fron  0.25  the  alkali  metal  p-orbitals  will  become 
stabilised  due  to  mutual  overlap,  and  the  Fermi  level  will  decrease 
sharply.  This  will  cause  a  decrease  in  the  activation  energy  am  an 
increase  in  the  coverage.  Hence  the  ca  ;lytic  activity  should  increase 

sharply. 

The  p-band  is  thought  to  be  1  airly  wide,  ca  3e/,  and  so  the 
energy  levels  within  this  band  will  be  widely  spaced.  As  the  sodium 
content  increases  t..is  bend  will  fill  and  at  some  composition  the 
Fermi  level  will  r;  verse  its  general  downward  trend  and  increases  in 
v.  luc  again;  This  -.  ill  c  use  n  incm  -se  in  the-  ,  ctiv  tion  entry  oi’  tlm 
reaction  rjx~b«.nco  •  1^;  d. v  g :  in  to  s.  decrease  in  the  catalytic  activity  with 
increasing  aodiun  content. 

The  measured  values- of  the  re-combine  tion  coefficients  thus  confirm  the 
general  pattern  predicted  by  the  b..nd  theory. 

APPENDIX. 

The  Effect  of  Surface  Area  on  the  Recombination  Coefficients. 

A  simple  model  is  postulated,  co  prising  a  cylindrical  coating  of 
powder  with  open-ended  pores  of  length  21  and  radius  r.  (Fig.  III. if) 

A  is  the  total  surface  area/gn. 

is  the  geometrical  surface  ares/gn. 
t  is  the  measured  density  of  the  coating. 


glass 


Dimensions  of  rore  in  oxide  co.it^ng. 


is  the  apparent  value  of  Y  calculated  on  the  assumption  thcc  the 


Vo  ' 

area  exposed  by  1  gr..  of  material  is  the  corresponding  geo: ctric  are;. 

of  cylinder,  A^ . 

3s  the  true  recombination  coefficient,  calculated  on  a  basis  of  the 

actual  available  Ag» 

f  is  the  fraction  of  surf .  ce  used,  A^/A. 

v  is  the  neon  spe^d  cf  oxygen  atoms  in  the  gas  phase, 

n  is  the  concentration  of  atoms  in  the  g.  s  phase  . 

Rate  of  reaction  per  unit  area  of  cylinder  =  Y'  vn/f 

=  '  t 

=  '( t  vnAf/4-  A1 

Thus  V  0  =  Y^f  V  ^ 

If  dii fusion  is  the  on.;  :.e;jis  of  tr.-nspert  oi  r-.  acting  epecits 
into  the  pore  then  the  change  in  concent  ret  ton  ir.  h.e  per-  is 
dn  =  r 2Ddx  d2Vdx^ 


where  x  is  the  distance  cion:  the  porn,  rad  D  is  Kruus^n’ s  diffusion 
coefficient.  At  equilibrium,  this  is  b:  lanced  by  at  or.  renoval 

vn'rr/2  =  Vi'r^X)  d2n/dx" 

Using  the  boundary  conditions  n  =  nQ  when  x  =  o  and  that  dn/dx  =  0  at 
*  =  1  incegrc-ion  gives 

n  =  nQ  tosh  /~h(l-x/3)_/  /cosh  h 


where 

1 

h  s  1  ( X  t  v/2rD)7 

Differenti.-tiry  di^lx  =  hn ^/l  «  sinh^”h(l-x/l)-7/cosh  h. 

The  rate  oi  reaction  per  hali’-pore  is  the  rate  which  i  e aetrr.t  flows  in 


i.e.  irA  tines  the  concentration  gradient  at  x  =  0 

2 

rate  -[fr  D  lai  tanh  h/l 

If  the  pore  area  were  completely  available  the  rate  wo..ld  be 

2  '"I  rl  / ^  v  njk 

Hence 

f  =  r^D  hn  tanh  h/2  nr  1~  v  v  n 
o  to 

=  tanh  h/h 


Now 


8 


D  =  2  r  v  /* 


and 


10 


r  *  20  (1-0)  g/-  A 

where  9  is  thv-  porosity  of  the  rotv-ri^l,  g  is  the  roughness  factor,  and 

assuning  ta.at  the  pore  walls  have  the  .run  properties  as  other  surfaces. 

Hence  the  equation  for  re  carlo:  nc:  ion  in.  the  --„r  a  is 

■>  =  Y.  A  tanh  h/Vh 

>o  t  y  1 

For  the  snooth  surface*  v  -  C  ^  As  0  represents  the  fraction  of  the 

•  0  f 

geometrical  area  exposed  tc  the  cto.:  1 1  — x  by  th_  pert-  nouths,  the 
combined  value  becomes 


S  0  =  ^  '  9'  6  Vt  ♦  *  VtA  tinh  VXjh. 

-y 

The  x-rev  tensities  of  the  bronzes  are  about  7.2  £z  cn  .  The 
porosity  of  the  coatings  was  slightly  less  tnar.  y,  but  t.ic  value  y 
will  be  used  here  for  si  plicity .  Th  •  r^o-hntss  f  ctor  will  be  assumed 
to  h-.ve  value  of  2.  The  ;  ores  a;  e  ass  tried  to  pence re -e  c.  ox»  average- 
half  the  distance  *ro*  the  co  .ting  surface  to  t.ne  gl  ss  cylinder,  for  a 
coating  weight  of  1.5  gn.  in  a  cylinder  IS  or.  Ion-,  and  2.8  cn  die-  st-er. 


i 
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1  =  2.23  X  10  ^  CD 

'  2 
=  62.3  cn  /gn 


and 


7  2  / 

h  =  70A  ^  where  A  is  in  n  /gn. 

Hence 

_  1  1  _ 

Y Q  =  >4  4  1  +  0.116  tnnh  (70AVt  2)  /  <'  t\/ 

In  fig,  3  X  and.  y*  ere  plotted  against  con-position  for  sone  of  the 
0  t 

sodiun  bronzes.  This  shows  that  the  vai’iacion  in  surface  area  from 
powder  to  powder  does  not  alter  significantly  the  pattern  of  the 
catalytic  activities. 
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CHAPTER  IV, 

A  Gunge  to  Measure  Chlorinu  prm  spurt_s_  in  the  r^.n^c  0.1  -  10  an 

By  M.  K.  Booth  and  J,  W.  Linnfctt. 

In  the  course  of  work  on  the  recombination  of  chlorine  atoms,  it  was 
found  necessary  to  devise  a  gauge  capable  of  measuring  pressures  of 
chlorine  in  the  range  0.1  -  10  an.  Hg.  'This  posed  certain  problems, 
since  chlorine  is  a  very  reactive  gas,  attacking  mercury  and  most  other 
metals.  The  method  of  measurement  had  to  be  sensitive,  and  also  give 
values  of  pressure  independent  of  Ihv  a tore  of  the  g£3.  The  latter 
condition  ...,s  essential,  oince  the  gauge  had  to  be  c  librated  against  a 
Iwacleoa  gauge  with  a  gas  inert  to  m.rcumy,  ana  also  sines  the  pressures 
of  mixtures  containing  chlorine  ana  other  g.  ses  would  be  required. 

A  caA acitr.ee  ;  eunod  was  chosen,  since  a  proximity  meter  is  obtainable 
which  can  detect  very  small  changes  in  capacitance.  he  principle  of  the 
method  is  that  small  changes  in  level  of  a  mercury  U-tube  nanometer 
are  rcccrdea  as  capacitance  changes.  Each  limb  is  about  i+.3  cm.  diameter. 
The  mercury  surface  in  the  ana  exposed  to  the  chlorine  is  protected  with 
a  layer  of  dioctyl  phehalate .  The  other  arm  contains  a  brass  plate  sealed 
into  the  glass  so  that  its  surface  is  a  few  millimetres  above  that  of  the 
mercury.  These  two  surfaces  form  the  condenser,  the  mercury  being  earthed 
via  a  tungsten  seal,  and  dibutyl  phthalate  acting  as  the  di-electric  medium, 
since  it  has  a  fairly  high  dx-electrie  constant  (6. Ay  at  30°C)  ana.  a  low 
. apour  pressure.  The  brass  plate  is  connected  to  the  proximity  meter. 

The  total  capacitance  is  of  the  order  of  40pF,  and  the  proximity  meter  can 
detect  changes  of  0.001  pF  at  maximum  sensitivity.  However,  the  most 
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sensitive  ranges  were  not  needed,  and  in  any  case  require  a  very  great 
control  of  mechanical  stability  and  temperature*  Even  so,  the  gauge  is 
on  a  rigid  shelf  of  the  wall,  an;  is  connected  to  the  rest  of  the 
apparatus,  which  is  subject  to  vibration  iron  the  rotary  pump,  by 
flexible  tubing.  hlso,  the  gauge  and  the  capacitance  bridge  box  are 
enclosed  in  a  thermostated  perspex  box. 

The  exact  distance  between  the  brass  plate  and  the  mercury  surface 
can  be  altered  by  means  of  a  mercury  reservoir  to  give  approximately 
the  required  range  for  a  suitable  sensitivity  setting  of  the  meter.  To 
use  the  gauge,  the  reierence  arm  is  evacuated  and  isolated,  a  charcoal 
trap  in  liquid  nitrogen  ensuring  a  constant  pressure,  a  suitable 
pressure  range  for  a  -articular  experiment  is  obtained  b  r  subjecting  the 
gauge  to  the  lowest  required  pressure,  and  balancing  this  out.  The 
sensitivity  is  adjusted  so  that  the  highest  required  pressure  is  at  the 
upper  end  of  the  scale.  The  gauge  is  then  calibrated  against  a  Macleod 
gauge,  the  edibrstion  being  linear  except  at  tile  top  end  of  the  scale 
or  au  very  high  sensitivity  values. 

The  gauge  has  been  found  be  quite  satisfactory  in  use,  giving 


reproducible  pressure  readings  to  0.01  rnn.  Hg 


